nanohybrid was synthesized from UIO-66-NO 2 via hydrothermal synthesis method, followed by mixing with XC-72 carbon (XC-72). The compositions, microstructures, textural parameters and morphologies of the resulting nanomaterials were characterized by FTIR, XRD, N 2 adsorption-desorption, SEM and TEM. The UIO-66-NO 2 @XC-72-modified glassy carbon electrode (GCE) sensor was successfully applied to the simultaneous determination of ascorbic acid (AA), dopamine (DA) and uric acid (UA). Owing to the large surface area of UIO-66-NO 2 and good conductivity of XC-72, as well as the hydrogen bond effect between the UIO-66-NO 2 and the analyte, the proposed sensor exhibited excellent linear responses to AA, DA and UA under optimized conditions. The detection ranges were 0.2-3.5 mM for AA, 0.03-2.0 mM for DA and 0.75-22 mM for UA, with the detection limits (S/N ¼ 3) of 0.12 mM, 0.005 mM and 0.03 mM, respectively. Moreover, the high reproducibility and stability of the sensor were obtained in all the experiments. The sensor was also successfully applied to the determination of DA in hydrochloride injection solution and UA in urine sample. The MOFs@XC-72 would be potentially applied as a modified electrode sensor material for the determination of other small biomolecules.
Introduction
Ascorbic acid (AA), dopamine (DA) and uric acid (UA) usually coexist in human metabolism, renal and central nervous systems, playing important roles in real biological matrixes.
1-5
The development of a sensitive and selective method for simultaneous detection of the three small biomolecules is therefore desirable. 1, 2, 5 Electrochemical method possesses the advantages of rapidity, economy, convenience and sensitivity, combined with the high electrochemical activity of AA, DA and UA, thus it is usually adopted to detect the three species. 3, 4, 6 However, the oxidation peaks of the three compounds are broad and overlap using an unmodied electrode. To date, there have been considerable efforts devoted to developing electrode sensor modiers to promote the electron transfer and achieve high sensitivity and selectivity, 7, 8 such as carbon nanotubes, [9] [10] [11] noble metals nanoparticles, [12] [13] [14] [15] [16] mesoporous carbons, 17 conductive polymers, 3,18-21 and hybrids.
22,23
Recently, metal-organic frameworks (MOFs) have attracted much attention as electrochemical sensor materials for their rich structure types, high surface area, tunable pores and various functionalities. [24] [25] [26] [27] [28] [29] Nevertheless, most MOFs have the major drawback of their poor stability, which are derived from the reversible nature of the coordination bonds. 24, 30 Moreover, nano-scale MOFs have more potential applications because they exhibit much higher surface areas, uniform sizes, well-dened functionality, and stable dispersions. 31, 32 However, numerous of synthesized MOFs are ascribed to the micron-sized materials, resulting in the weakened adhesion properties between MOFs and glassy carbon electrode (GCE). Furthermore, plenty of MOFs belong to poor electrical conductors. 27, 33, 34 To overcome these problems, many nanostructured and conductive MOFs were synthesized and applied in sensors elds. [35] [36] [37] For poor electron-conductive MOFs, an efficient method is to mix MOFs with conductive materials. UIO-66-R (-H, -NO 2 , -NH 2 ) were of great interest due to their large surface area, good stability and unique functional groups. [38] [39] [40] The applications of UIO-66-NO 2 and UIO-66-NH 2 as catalytic materials were related to the special functional groups, which can easily interact with the analyte, such as hydrogen bond effect, electrostatic effect. Besides, the band gap value (E g ) of UIO-66-R is a very important parameter for electrochemical reaction at sensors. 41 According to the theoretical calculations and experiments, the E g value of UIO-66-R decreased in the following order: -H > -NO 2 > -NH 2 .
MOFs. 26, 43 However, there are a few literatures about UIO-66-NO 2 @XC-72 to determine AA, DA and UA.
Herein, we provide a strategy to prepare UIO-66-NO 2 via hydrothermal synthesis method, followed by mixing with XC-72. When the hybrid was applied to modify the GCE, it was used to simultaneously detect the three compounds. Three welldened separated peaks were observed by using cyclic voltammetry (CV) and differential pulse voltammetry (DPV) methods. Furthermore, the developed sensor exhibited high sensitivity, selectivity, reproducibility and stability. Besides, the sensor was also suitable to detect the real samples. The wide linear range and low detection limits for the three species were obtained due to the synergistic effect of UIO-66-NO 2 and XC-72.
Experimental

Chemicals and apparatus
Zirconium chloride (ZrCl 4 ), 2-nitroterephthalic acid (H 2 BDC-NO 2 ) and N,N-dimethylformamide (DMF) were purchased from Aldrich. AA, DA and UA were obtained from Alfa Aesar and XC-72 carbon from Cabot Carbon Corporation (USA). Sodium dihydrogen phosphate (NaH 2 PO 4 ) and disodium hydrogen phosphate (Na 2 HPO 4 ) were bought from Aldrich. Phosphate buffer solutions (PBS, 0.1 M) were prepared from stock solutions of 0.1 M NaH 2 PO 4 , Na 2 HPO 4 and H 3 PO 4 . All other reagents were at least analytical grade.
Preparation of UIO-66-NO 2
The UIO-66-NO 2 was prepared according to the reported method. 44 Briey, ZrCl 4 (0.932 g), H 2 BDC-NO 2 (0.845 g) and 0.67 mL concentrated HCl were added in 10 mL DMF in a Teon-lined stainless steel autoclave, followed by ultrasonic treatment 5 min. The autoclave was placed in an oven at 120 C for 16 h, and the mixture was ltered and washed with DMF and acetone, respectively. The nal product was activated at 60 C under a vacuum drying for 10 h.
Fabrication of modied GCE sensors
Prior to preparation procedure, the GCE was carefully polished with 0. 
Apparatus and instruments
FTIR spectrum was recorded on a Lambda 7600. Power X-ray diffraction (XRD) data were collected on a DX-2700B diffractometer. N 2 adsorption-desorption isotherms were carried out by using a BeiShiDe Instrument-S&T. The morphologies were examined using a Quanta 200 scanning electron microscope and an H-7500 transmission electron microscope. The cyclic voltammetry (CV), differential pulse voltammetry (DPV) measurements and electrochemical impedance spectroscopy (EIS) characterizations were performed on a Shiruisi electrochemical workstation. A conventional three electrode system was used in the measurements composed of a platinum wire counter electrode, a saturated calomel reference electrode (SCE), and a bare or modied glassy carbon working electrode. , and 1380 cm
Results and discussion
Physical characterization
À1
should belong to -OH stretching vibration, -C]O vibration peak, -NO 2 asymmetric stretching and symmetric stretching peaks, respectively. 24 The XRD pattern of as-synthesized UIO-66-NO 2 matches well with the simulated one, demonstrating the successful preparation of UIO-66-NO 2 .
24,25 For XC-72 sample, the broad peak at 2q ¼ 24.6 is corresponding to the (0 0 2) peak of the hexagonal structure of graphitic structure. 45 Besides, the UIO-66-NO 2 @XC-72 displays the characteristic diffraction peaks of both UIO-66-NO 2 and XC-72, endowing the modied electrode sensor with synergistic advantages of the two materials (Fig. S2 †) . displays spherical particles with the sizes of less than 100 nm in Fig. 1(b and e) . Fig. 1(c and f) reveal that the UIO-66-NO 2 is welldispersed over XC-72 and its main morphology is not destroyed for UIO-66-NO 2 @XC-72.
Electrochemical characterization
The CV curves and EIS of the bare GCE and the different sensors are recorded in Fig. 2 . The peak potential separation (DE p ) reects the electron transfer rate for the CV responses. 47 As shown in Fig. 2a, It is also investigated by EIS measurements that the electron transfer kinetics occur at the interface of electrode/electrolyte (Fig. 2c) . 51 The distinct semicircle curve at high frequencies reects the ability of electron transfer (R ct ) of different sensors 47, 48 and the smaller diameter of R ct represents higher electron transfer at the interface of electrode/electrolyte. 49, 52 The R ct values increase in the order of the XC-72/GCE sensor < UIO-66-NO 2 @XC-72/GCE sensor < bare GCE < UIO-66-NO 2 /GCE sensor. It reveals that the conductivity and electrochemical properties are well improved at XC-72 and UIO-66-NO 2 @XC-72 modied electrode sensor. The results are consistent with our data obtained by CV. Fig. 3b shows the CVs responses of the ternary mixture of AA, DA and UA at different electrodes. For bare GCE, the oxidation peaks of the three species nearly overlapped and a broad peak was found at 0.5 V, proving that it possessed poor sensitivity and selectivity towards the oxidation of the three compounds. For comparison, the UIO-66-NO 2 /GCE sensor had no obvious redox peaks and possessed a large background current due to the weak conductivity of the MOFs. For XC-72/ GCE sensor, the oxidation peaks of DA and UA at 0.2 V and 0.34 V suggested that the electroactive area of the electrode sensor increased signicantly. Interestingly, there were obvious peaks of the three species at the UIO-66-NO 2 @XC-72/GCE sensor, indicating high electrochemical activities in response to AA, DA and UA. The results demonstrated that the UIO-66-NO 2 @XC-72/GCE sensor effectively facilitated the individual and simultaneous determination of the small biomolecules. The experimental phenomena can be ascribed as follows: (i) XC-72 with high electrical conductivity can promote the electron transfer between modied electrode sensor surface and biomolecules, and enhance voltammetry peak separation. (ii) The UIO-66-NO 2 @XC-72/GCE sensor possesses excellent electrochemical properties due to the synergetic effect of UIO-66-NO 2 and XC-72. (iii) The hydrogen bond between O (from -NO 2 group of UIO-66-NO 2 ) and H (from AA, DA and UA) can be helpful to improve the easy adsorption of AA, DA and UA, and nally promotes the response of the electrode sensor towards determination of the three biomolecules, especially contributes to the appearance of oxidation peak of AA (Scheme 1).
Optimization of the experimental conditions
To obtain the high sensitivity and selectivity, a series of optimized conditions were carried out in this paper. In this regard, the ratio of UIO-66-NO 2 and XC-72, the accumulation time, pH value and the scan rate were investigated. The effect factors were performed using CV method except for the accumulation time, which was employed DPV method.
The ratio of UIO-66-NO 2 and XC-72 plays important roles in the fabrication of the UIO-66-NO 2 @XC-72/GCE sensor. It can be seen from Fig. 4a that the peak currents of AA and UA increased with the increasing ratio of the two materials until it obtained 1 : 7. Continuing increasing the ratio, the peak currents of the two materials until it obtained 1 : 7. Continuing increasing the ratio, the peak currents of the two biomolecules decreased sharply. For DA, the maximum of the peak current was achieved at the ratio of 1 : 8. The reason can be ascribed to the synergistic effect of the UIO-66-NO 2 and XC-72. The low ratio indicated the amount of XC-72 decreased, causing the conductivity of the fabricated sensor was poor and the electron transfer between the sensor and the analyte was impeded. By contrast, the high ratio meant the number of UIO-66-NO 2 decreased, the hydrogen bond between MOFs and the analyte was weaker and the surface area of the sensor became smaller. Based on the above experiments, the ratio of 1 : 7 was chosen for the following experiments.
From Fig. 4b , it was found that the accumulation time can affect the oxidation peak currents of the three biomolecules at the UIO-66-NO 2 @XC-72/GCE sensor. The currents of DA and UA rst increased and then decreased gradually with the increasing accumulation time, and the maximum value was 300 s. The current of AA nearly kept a constant with the change of the accumulation time. Therefore, 300 s was chosen in the following research for simultaneous determination of the three compounds.
It is well known that the pH value has a profound effect on the electrochemical response towards the determination of the analytes. From Fig. 4c , with the increase of pH from 2.0 to 9.0, the oxidation potentials of the three biomolecules shied negatively with linear slopes of 46.3, 57.5 and 60.6 mV per pH, respectively. The slopes were close to the theory value of 59 mV per pH, demonstrating that equal number of protons and electrons have taken part in the electrochemical redox reaction process. 53, 54 It also can be seen that the peak currents of AA, DA and UA increased with the increasing pH value (from 2.0 to 6.0), and then it decreased from pH 6.0 to 9.0. In addition, the pK a values of AA, DA and UA were 4.10, 8.87 and 5.75, respectively. DA existed as cationic species at pH 6.0. The carboxylic functional groups of MOFs at the electrode surface could effectively capture the cationic species.
3 However, AA and UA existed as unionized species at pH 6.0. In this case, the hydrogen bond effect between MOFs and the three biomolecules plays more important roles (Scheme 1). Therefore, 0.1 M PBS of pH 6.0 was selected as an optimized value for the further experiments. To evaluate the reaction kinetics, the CV responses at different scan rates for the three compounds was investigated. Fig. 4d shows that the oxidation peak currents of AA, DA and UA gradually increased as the scan rate increases, with a linear relationship between the peak currents and the scan rate in the range of 20-250 mV s À1 (the inset of Fig. 4d) The performance of the UIO-66-NO 2 @XC-72/GCE senor was compared with some existing sensors, as shown in Table 2 . The minimum concentrations of AA, DA and UA and the detection limits of this paper are lower than that of those previously reported materials. 3, 10, 13, 18, 19, 47, 49, [55] [56] [57] These results conrmed that the UIO-66-NO 2 @XC-72 material was a promising material for the electroanalytical detection of the three biomolecules.
Reproducibility and stability
The reproducibility of the UIO-66-NO 2 @XC-72/GCE sensor was evaluated. The relative standard deviations (RSD) for ve different electrode sensors were 5.04% for AA, 4.08% for DA and 4.92% for UA. The RSD of the same sensor in eight successive experiments were 3.02% for AA, 2.54% for DA and 2.92% for UA, suggesting the proposed sensor exhibited excellent reproducibility. Furthermore, the sensor was stored in the refrigerator at 4 C. Aer 10 days, there was only an 8% loss in the response current of the developed sensor. Aer 30 days, the proposed sensor can retain 85% of its initial response, which was stable enough for the application in electrochemical sensor.
Real sample analysis
The proposed method was evaluated for the determination of AA, DA and UA in the real samples. DA hydrochloride injection solution and human urine were measured for analysis. Generally, DA and UA samples were diluted 10 times and 100 times with PBS, respectively. The spiked sample with certain amounts of DA and UA were added to the corresponding samples. Subsequently, the experiments were carried out ve times and the Table 3 summarized the analytical results. It can be seen that the RSD is in the range of 1.38-2.32% and the recovery is between 98.3-101.3%. It indicated that the proposed sensor possessed sufficient precision and high accuracy.
Conclusions
In conclusion, a new approach for fabrication of the UIO-66-NO 2 @XC-72/GCE sensor was presented for the rst time to simultaneously determine AA, DA and UA. The procedure of fabricating sensor was simple, convenient and rapid. The developed sensor exhibited high sensitivity and selectivity with wide linear concentration range and low detection limit. Interestingly, the satisfactory results indicate that MOFs could be a promising candidate for application in electroanalysis, and promisingly, it was used by mixing with other conductive materials to fabricate excellent sensors to detect other electrochemical biomolecules.
